Higgs--mediated K -> pi nu nu-bar in the MSSM at large tan(beta) by Isidori, G. & Paradisi, P.
ar
X
iv
:h
ep
-p
h/
06
01
09
4v
1 
 1
2 
Ja
n 
20
06
January 2006
Higgs–mediated K → πνν in the MSSM at large tan β
Gino Isidori1 and Paride Paradisi2
1 INFN, Laboratori Nazionali di Frascati, I-00044 Frascati, Italy
2 INFN, Sezione di Roma II and Dipartimento di Fisica,
Universita` di Roma “Tor Vergata”, I-00133 Rome, Italy.
Abstract
We analyze the impact of Higgs-mediated amplitudes on the rare decays KL → π0νν
and K+ → π+νν in the MSSM with large tan β and general flavour mixing. We point
out that, going beyond the minimal flavour violation hypothesis, Z-penguin amplitudes
generated by charged-Higgs exchange can induce sizable modifications of K → πνν rates.
Interestingly, these effects scale as tan4 β at the amplitude level. For large values of tan β,
this mechanism allows deviations from the SM expectations even for tiny (CKM-type)
off-diagonal mixing terms in the right-handed squark sector.
I. The strong suppression within the Standard Model (SM) and the high sensitivity
to physics beyond the SM of the two K → πνν rates, signal the unique possibilities
offered by these rare processes in probing the underlying mechanism of flavour mixing (see
e.g. Refs. [1,2]). This statement has been reinforced by the recent theoretical progress in
the evaluation of NNLO [3] and power-suppressed [4] contributions to K+ → π+νν. These
allow to obtain predictions for the corresponding branching ratio of high accuracy (∼ 6%),
not far from exceptional level of precision (∼ 2%) already reached in the KL → π0νν
case [2, 5].
The non-standard contributions to K → πνν decays appearing in the minimal super-
symmetric extensions of the SM (MSSM) with generic sources of flavour mixing have been
widely discussed in the literature [6–9]. However, all previous analysis are focused on sce-
narios with tanβ = O(1). In this case, taking into account the existing constraints from
other flavour-changing neutral current (FCNC) observables, the only amplitudes which
allow sizable deviations from the SM are those generated by chargino/up-squark loops.
In particular, large effects are generated only if the left-right mixing of the up squarks has
a flavour structure substantially different from the so-called Minimal Flavour Violation
(MFV) hypothesis [10].
In this paper we point out the existence of a completely different mechanism which
could allows sizable modifications of K → πνν amplitudes: the charged-Higgs/top-quark
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loops in the large tan β regime.1 The anomalous coupling of charged-Higgs bosons re-
sponsible for this effect is quite similar to the phenomenon of the Higgs-mediated FCNC
currents which has been widely discussed in the literature (see e.g. Refs. [12–16]). They
are both induced by effective non-holomorphic terms and do not decouple in the limit of
heavy squark masses (provided the Higgs sector remains light). However, contrary to the
neutral–Higgs contribution to Bs,d → µ+µ−, the charged–Higgs contribution to K → πνν
can compete with the SM one only in presence of non-MFV soft-breaking terms.
The generic structure of the charged-Higgs couplings in the MSSM, at large tan β, and
with arbitrary flavour mixing in the squark sector, has been discussed first in Ref. [16].
There the phenomenological implications of these effects in rare B decays, and the cor-
responding bounds on the off-diagonal soft-breaking terms have also been analyzed [16].
As we will show, the B-physics constraints still allow a large room of non-standard effects
in K → πνν: in the kaon sector these Higgs-mediated amplitudes allow observable effects
even for flavour-mixing terms of CKM size [in particular for (MDRR)ij ∼ (VCKM)ij(MDRR)jj].
Future precision measurements of K → πνν rates could then provide the most stringent
bounds, or the first evidence, of this type of effects.
II. The dimension-six effective Hamiltonian relevant for K+ → π+νν¯ and KL → π0νν¯
decays in the general MSSM can be written as:
Heff = GF√
2
α
2π
sin2 θw
[
H(c)eff +H(s.d.)eff
]
+ h.c. (1)
where H(c)eff denotes the operators which encode physics below the electroweak scale (in
particular charm quark loops) and are fully dominated by SM contributions [3], while
H(s.d.)eff =
∑
l=e,µ,τ
V ∗tsVtd [XL(s¯d)V−A(ν¯lνl)V−A +XR(s¯d)V+A(ν¯lνl)V−A] (2)
denotes the part of the effective Hamiltonian sensitive to short-distance dynamics.
Within the Standard Model XR = 0 and XL is a real function (thanks to the normal-
ization with the CKM factor V ∗tsVtd ≡ λt) [2, 3]:
XSML = 1.464± 0.041 . (3)
Within the MSSM, in general both XR and XL are not vanishing, and the misalignment
between quark and squark flavour structures implies that are both complex quantities.
Since the K → π matrix elements of (s¯d)V−A and (s¯d)V+A are equal, the following com-
bination
X = XL +XR (4)
1 As recently shown in Ref. [11], charged Higgs can induce another very interesting non-standard
phenomenon in the kaon system: violations of lepton universality which can reach the 1% level in the
Γ(K → eν)/Γ(K → µν) ratio.
2
allows us to describe all the short-distance contributions to K → πνν decays. In terms
of this quantity the two branching ratios can be written as:
B(K+ → π+νν¯) = κ+
[(
Im(λtX)
λ5
)2
+
(
P(u,c) +
Re(λtX)
λ5
)2]
, (5)
B(KL → π0νν¯) = κL
(
Im(λtX)
λ5
)2
, (6)
where λ = |Vus| = 0.225, the κ-factors are κ+ = (4.84 ± 0.06)× 10−11 and κL = (2.12 ±
0.03)×10−10 [2], and the contribution arising from charm and light-quark loops is P(u,c) =
0.41± 0.04 [3, 4].
III. Within a two-Higgs model of type-II (such as the MSSM Higgs sector, if we ne-
glect the non-holomorphic terms which arise beyond the tree level [17]), the Z-penguin
amplitudes generated by charged-Higgs/top-quark diagrams (at the one loop level) give:
XH
±
L = −
m2t cot
2 β
2M2W
fH(ytH) , X
H±
R =
mdms tan
2 β
2M2W
fH(ytH) , (7)
where ytH = m
2
t/M
2
H and
fH(x) =
x
4(1− x) +
x log x
4(x− 1)2 . (8)
The numerical impact of these contributions is quite small [6–8]: the lower bounds onMH
(the charged-Higgs mass) and tan β imply that XH
±
L can at most reach few % compared to
XSML ; the possible tan β enhancement of X
H±
R is more than compensated by the smallness
of md,s. The basic feature of the interesting new phenomenon appearing beyond the
one-loop level (with generic flavour mixing and large tanβ) is a contribution to XR not
suppressed by md,s.
Following the procedure of Ref. [15, 16], in order to compute all the non-decoupling
effects at large tan β one needs to: i) evaluate the effective dimension-four operators ap-
pearing at the one-loop level which modify the tree-level Yukawa Lagrangian; ii) expand
the off-diagonal mass terms in the squark sector by means of the mass-insertion approx-
imation [18]; iii) diagonalize the quark mass terms and derive the effective interactions
between quarks and heavy Higgs fields. In the U¯ iLD
j
RH
+ case, this leads to [16]
LH+ = g√
2MW
tanβ
(1 + ǫi tan β)
[
mdjVij +mdi(∆RR)ij + M˜g(∆LR)ij
]
U¯ iLD
j
RH
+ + h.c. , (9)
where
(∆RR)ij =
tan β
(
δdRR
)
ij
(1 + ǫi tan β)
ǫRR , (∆LR)ij =
(
δdRL
)
ji
ǫi ǫRL , (10)
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Figure 1: Left: leading contribution to the effective U¯ iLD
j
RH
+ coupling in Eq. (9).
Right: irreducible one-loop diagrams contributing to the K → πνν¯ amplitude in Eq. (12).
and the δ’s are defined as in [14]. Following standard notations, we have used
ǫi = −2αs
3π
µ
M˜g
H2
(
xd
R
g, xd
L
g
)− δi3 y2tAt
16π2µ
H2(xu
R
µ, xu
L
µ) ,
ǫRR =
2αs
3π
µ
M˜g
xd
R
gH3
(
xd
L
g, xd
L
g, xd
R
g
)
, ǫLR =
2αs
3π
xd
RL
gH2
(
xd
R
g, xd
L
g
)
(11)
with xq
K
g = M˜
2
q
K
/M˜2g and xqKS g =
√
M˜2q
K
M˜2q
S
/M˜2g . The explicit expressions of the Hi
one-loop functions, normalized by H2(1, 1) = −1/2 and H3(1, 1, 1) = 1/6, can be found
for instance in Ref. [16].
As anticipated, the effective Lagrangian (9) contains effective couplings not suppressed
by the factor mdj (which in our case corresponds to md or ms). Since vacuum-stability
arguments force
(
δdRL
)
ji
to be proportional to mdj [19], only the right-right (RR) mixing
terms can effectively overcome this strong suppression. Evaluating the charged-Higgs/top-
quark contributions to theK → πνν¯ amplitude using this effective Lagrangian (see Fig. 1),
and retaining only the leading terms, we find
(
XH
±
eff
)
R
=
[
(δdRR)31(δ
d
RR)32
λt
](
m2b tan
2 β
2M2W
)
ǫ2RR tan
2 β
(1 + ǫi tan β)4
fH(ytH)
+
[
(δdRR)31
Vtd
](
msmb tan
2 β
2M2W
)
ǫRR tan β
(1 + ǫi tan β)3
fH(ytH) , (12)
which is the main result of the present paper.
As can be noted, the first term on the r.h.s. of Eq. (12), which would appear only at
the three-loop level in a standard loop expansion2 can be largely enhanced by the tan4 β
factor and does not contain any suppression due to light quark masses. Similarly to the
2 We denote by standard loop expansion the one performed without diagonalizing the effective one-
loop Yukawa interaction: as shown in Ref. [12], the diagonalization of the quark mass terms is a key
ingredient to re-sum to all orders the large tanβ corrections.
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MH xdg
M˜q ǫK KL → µ+µ− K+ → π+νν¯ KL → π0νν¯
(GeV) (GeV)
∣∣Im(δdRR)21∣∣ ∣∣Re(δdRR)21∣∣ ∣∣Re(δdRR)23(δdRR)31∣∣ ∣∣Im(δdRR)23(δdRR)31∣∣
500 1
500 1.2× 10−3 3.1× 10−2 3.3× 10−2 8.7× 10−3
1000 2.6× 10−3 (2.2× 10−3) (1.6× 10−4) (4.3× 10−5)
1000 1
1500 4.0× 10−3 1.3× 10−1 7.8× 10−2 2.1× 10−2
2000 5.4× 10−3 (8.8× 10−3) (3.9× 10−4) (1.0× 10−4)
Table 1: Comparison of the sensitivity to RR flavour-mixing couplings of different kaon
observables. The values in the two K → πνν¯ columns correspond to 10% deviations of the
corresponding rates compared to the SM. For comparison, we report the bounds derived
from the gluino/squark box amplitude in ǫK [20] (under the assumption Re(δ
d
RR)21 = 0
and allowing up to 20% non-standard contributions to ǫK) and the neutral-Higgs penguin
contribution to KL → µ+µ− [15]. All results are obtained for tanβ = 50 and |µ| = M˜d. In
the last three columns the value outside (between) brackets correspond to µ > 0 (µ < 0).
double mass-insertion mechanism of Ref. [7], also in this case the potentially leading effect
is the one generated when two off-diagonal squark mixing terms replace the two CKM
factors Vts and Vtd. For completeness, we have reported in Eq. (12) also the subleading
term with a single mass insertion, where only Vtd is replaced by a 3–1 mixing in the squark
sector.
We stress that the result in Eq. (12) is the only potentially relevant Higgs-mediated
contribution to K → πνν¯ amplitudes in the large tan β regime. Indeed, charged-Higgs
contributions to XL do not receive any tanβ enhancement even beyond the MFV hypoth-
esis. In principle, there are tan4 β contributions to both XL and XR induced by neutral-
Higgs exchange; however, the presence of b quarks inside the loops implies an additional
suppression factor ∼ (mb/mt)2 of these contributions with respect to the charged-Higgs
one in Eq. (12).
IV. The sensitivity of the two K → πνν¯ modes to the squark mixing terms appearing
in Eq. (12) is illustrated in Tables 1–2 and in Figure 2. On general grounds, we can say
that if tan β is large and µ < 0, the existing (and near-future) constraints on (δdRR)31
and (δdRR)32 from other K– and B–physics observables still allow sizable non-standard
contributions to the two K → πνν¯ rates.
The enhanced sensitivity of K → πνν¯ amplitudes to the µ < 0 scenario –at large
tanβ– is due to the (1 + ǫi tan β)
−n factors (with n = 3, 4) appearing in Eq. (12). For
tanβ ≈ 50 and degenerate SUSY particles, one gets (1+ ǫi tan β) ≈ (1+0.6 sgn µ). Thus
the bounds on (δdRR)32(δ
d
RR)31 vary by a factor of (1+ 0.6)
4/(1− 0.6)4 ≈ 250 passing from
µ < 0 to µ > 0. We stress that at the moment we don’t have any clear phenomenological
indication about the sign of µ. A non-trivial constraint can be extracted from Γ(B →
Xsγ): charged-Higgs and chargino contributions to this observable must have opposite
sign in order to fulfill its precise experimental determination. The relative sign between
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MH xdg
mq˜ Bd–B¯d Bs,d → µ+µ− KL → π0νν¯
(GeV) (GeV)
∣∣Im(δdRR)31∣∣ ∣∣(δdRR)32,31∣∣ ∣∣Im(δdRR)31∣∣ ∣∣Im(δdRR)23(δdRR)31∣∣
500 1
500 1.0× 10−1 0.1, 0.065 0.64 8.7× 10−3
1000 2.0× 10−1 (0.01, 0.007) (1.2× 10−2) (4.3× 10−5)
1000 1
1500 3.0× 10−1 0.4, 0.26 − 2.0× 10−2
2000 4.0× 10−1 (0.045, 0.029) (2.8× 10−2) (1.0× 10−4)
Table 2: Comparison of the sensitivity to RR flavour-mixing couplings of KL → π0νν¯
vs. various B physics observables. The values reported in the two KL → π0νν¯ columns
correspond to 10% deviations with respect to the SM, for the leading (double MIA) and
subleading (single MIA) terms in Eq. (12). For comparison, we report the bounds derived
from the gluino/squark box amplitude in Bd–B¯d mixing [21] (taking into account the
interference with the SM contribution) and the neutral-Higgs penguin contribution to
Bs → µ+µ− [15] (taking into account the recent experimental bound in [22]). As in
Table 1, all results are obtained for tanβ = 50 and µ = M˜d (µ = −M˜d).
these two amplitudes is proportional to sgn(µAt), where At is the trilinear soft-breaking
term appearing in the stop mass matrix. Thus both signs of µ are allowed by B → Xsγ,
provided the sign of At is chosen accordingly. In principle, an indication about the sign
of µ could be deduced from the supersymmetric contribution to (gµ − 2). However, this
indication is not reliable given the large theoretical uncertainties which still affect the
estimate of the long-distance contributions to this observable.
In Tables 1–2 and in Figure 2 we have not explicitly reported bounds on (δdRR)32 from
B → Xsγ since the latter are very weak, both for low tanβ values (where the dominant
contribution arises from gluino/squark penguins) and for large tanβ values (where the
Higgs-mediated FCNC effects become sizable). The weakness of the B → Xsγ bounds is
a consequence of the absence of interference between SM and SUSY contributions, when
the latter are induced by down-type right-right flavour-mixing terms. This should be con-
trasted with the K → πνν case, where SM and Higgs-mediated SUSY contributions have
a maximal interference [see Eq. (4)]. Remarkably, this allows to generate O(10%) devia-
tions from the SM expectations even for (δdRR)31(δ
d
RR)32 = O(λ5), which can be considered
as a natural reference value for possible violations quark/squark flavour alignment.
Another interesting feature of the supersymmetric charged-Higgs contribution to K →
πνν¯ is the slow decoupling forMH →∞: being generated by effective one-loop diagrams,
the XR function develops a large logarithm and behaves as XR ∼ ytH log(ytH) for ytH =
m2t/M
2
H ≪ 1. On the contrary, the neutral-Higgs contribution to Bs,d → µ+µ− (and
KL → µ+µ−), which is generated by an effective tree-level diagram, does not contain any
large logarithm. This is the reason why the K → πνν¯ constraints are much more effective
than the Bs,d → µ+µ− ones for large MH , as shown in Fig 2.
6
Figure 2: Sensitivity to (δdRR)23(δ
d
RR)31 and (δ
d
RR)31 of various rare K and B decays as
a function of the charged-Higgs boson mass. The bounds from the two K → πνν¯ modes
are obtained under the assumption of a 10% measurements of their branching ratios, and
correspond to bounds on the real (K+ → π+νν¯) and the imaginary parts (KL → π0νν¯)
of the SUSY couplings. The Bs,d → µ+µ− bounds refer to the absolute value of the
SUSY couplings and are based on the latest experimental limits [22]. All plots have been
obtained with tan β=50, |µ| = M˜d, µ<0, and xdg=1.
V. In summary, we have pointed out the existence of a new mechanism which can
induce sizable non-standard effects in B(K → πνν) within supersymmetric extensions of
the SM: an effective FCNC operator of the type s¯Rγ
µdR ν¯LγµνL, generated by charged-
Higgs/top-quark loops. The coupling of this operator is phenomenologically relevant
only at large tan β and with non-MFV right-right soft-breaking terms: a specific but
well-motivated scenario within grand-unified theories (see e.g. [23]). As we have shown,
these non-standard effects do not vanish in the limit of heavy squarks and gauginos, and
have a slow decoupling with respect to the charged-Higgs boson mass. This implies that
precision measurements of the two K → πνν¯ rates, which should be within the reach of a
new generation of dedicated experiments [24], could provide the most stringent bounds,
or the first evidence, of this non-standard scenario.
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